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Differential scanning calorimetryThree Arg-rich nonapeptides, containing the same amino acid composition but different sequences,
PFWRIRIRR-amide (PR-9), RRPFWIIRR-amide (RR-9) and PRFRWRIRI-amide (PI-9), are able to induce
segregation of anionic lipids from zwitterionic lipids, as shown by changes in the phase transition properties
of lipid mixtures detected by differential scanning calorimetry and freeze fracture electron microscopy. The
relative Minimal Inhibitory Concentration (MIC) of these three peptides against several strains of Gram
positive bacteria correlated well with the extent to which the lipid composition of the bacterial membrane
facilitated peptide-induced clustering of anionic lipids. The lower activity of these three peptides against
Gram negative bacteria could be explained by the retention of these peptides in the LPS layer. The membrane
morphologies produced by PR-9 as well as by a cathelicidin fragment, KR-12 that had previously been shown
to induce anionic lipid clustering, was directly visualized using freeze fracture electron microscopy. This
work shows the insensitivity of phase segregation to the speciﬁc arrangement of the cationic charges in the
peptide sequence as well as to their tendency to form different secondary structures. It also establishes the
role of anionic lipid clustering in the presence of zwitterionic lipids in determining antimicrobial selectivity.imal inhibitory concentration;
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One of the current focuses in combating the increasing medical
problem of bacterial resistance to traditional antibiotics is the search
for novel antimicrobial agents with new modes of actions. A
promising type of agent, which is under extensive investigation,
includes host-defence antimicrobial peptides (AMPs) that are used by
all forms of life to combat microbial invasion. Many of these peptides
act, at least in part, on the bacterial membrane, thus causing physical
damage to the bacterial cell membrane resulting in membrane
depolarization and at times also leakage of water-soluble solutes. It
has been questioned whether the concentrations of peptide required
for this membrane damage correspond to those which are toxic tobacteria [1,2]. However, the concentration of peptide at the
membrane interface will be orders of magnitude greater than that
in bulk solution [3]. Such damage is difﬁcult to rapidly repair, making
it unlikely for the bacteria to develop resistance quickly enough. Note
however, that over time some bacteria can develop several mechan-
isms of resistance to antimicrobial peptides; one of these mechanisms
of resistance is the result of neutralizing the negative charge on a
fraction of the phospholipids required for the activity of antimicrobial
peptides [4,5].
The mechanism by which many antimicrobial agents induce
membrane damage has been suggested to be by formation of pores
[6] lined by both lipids and peptides [7] or by a more general “carpet
mechanism” [8], but other speciﬁc mechanisms have also been
suggested [9–13]. In addition to having a mechanism to damage
bacterial membranes, in order to be effective therapeutic agents these
peptides must show selectivity for bacterial membranes and not
damage the membranes of eukaryotic cells. This was always
considered a function of electrostatic interactions since most of the
antimicrobial peptides are cationic in nature and anionic lipids are
exposed primarily in prokaryotic cell membranes. However, it has
recently been noted that this preferential interaction with bacteria is
also a consequence of there being a larger amount of eukaryotic
membrane material present when hemolysis is measured, compared
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activity is measured [14]. Hence the antimicrobial agents will be
more diluted in the larger volume of the eukaryotic membrane both
during in vitro assays as well as in vivo.
A novel mechanism that appears to contribute to the bactericidal
effects of some antimicrobial peptides is their ability to cluster anionic
lipids from zwitterionic ones [15–18]. Evidence presented for the
formation of domains by antimicrobial agents has includedDSC [16–19],
31P MAS/NMR [16,18], FTIR [17] and 2H NMR [20] as well as AFM in
combination with polarized ﬂuorescence microscopy [21]. In the
present work, in addition to presenting evidence for anionic lipid
clustering by DSC, we have directly imaged changes in membrane
morphologies using freeze fracture electron microscopy. We compare
the freeze fracture results from PFWRIRIRR-amide (PR-9) with results
obtainedwith the peptide KRIVQRIKDFLR-amide (KR-12), thatwe had
previously shown to have properties consistent with the promotion of
anionic lipid clustering [18]. Recently we presented evidence by TIRF-
AFM [21] on the anionic lipid clustering capacity of PR-9 in binary
anionic–zwitterionic lipid mixtures.
We wished to further test the application of this novel mechanism
of anionic lipid clustering by comparing a series of nonapeptides with
the same amino acid composition but different sequence. We study
both their ability to cluster anionic lipids as well as the bacterial
species speciﬁcity of their toxicity. Evidence that anionic lipid
clustering plays an important role in the action of some antimicrobial
peptides is that it allows the prediction of which bacterial species will
be most susceptible to agents that act in this fashion [15,16].
We determined if the particular arrangement of Arg residues in the
sequence is responsible for lipid clustering, as well as the importance
of the induction of a speciﬁc secondary structure in an anionic
membrane environment for lipid clustering to occur. We have also
demonstrated the importance of the outer membrane of Gram
negative bacteria in preventing access of these peptides to the
cytoplasmic membrane of the bacteria thus precluding the clustering
of anionic lipids. Our ﬁndings provide important new information
regarding the generality and limitations of the charge cluster
mechanism.
2. Materials and methods
2.1. Materials
The phospholipids POPE, DOPG and TOCL were purchased from
Avanti Polar Lipids (Alabaster, AL). The ANTS andDPXwere purchased
from Invitrogen. The sequences of the peptides used and their
abbreviations are summarized in Table 1. The peptides PR-9, RR-9, PI-
9 were synthesized and puriﬁed to N95% by SynBioSci Corporation
Livermore CA. The peptide KR-12 was synthesized and puriﬁed to
N95% by Genemed Synthesis, Inc. (San Antonio, TX).
2.2. Preparation of MLVs, LUVs and SUVs
Lipids were dissolved in chloroform/methanol, 2/1 (v/v). The
solvent was then evaporated with nitrogen to deposit a ﬁlm on the
wall of a glass test tube. Final traces of solvent were removed for 2–3 h
in an evacuated chamber. The ﬁlms were suspended in the indicated
buffer by vortexing at room temperature to formMLVs. Tomake SUVs,Table 1
Peptides used in this study.
Peptide Sequence
PR-9 PFWRIRIRR-amide
RR-9 RRPFWIIRR-amide
PI-9 PRFRWRIRI-amide
KR-12 KRIVQRIKDFLR-amidethe MLVs were sonicated to clarity in a bath type sonicator. When
LUVs were prepared, the lipid ﬁlms were made devoid of peptides.
They were hydrated with buffer and were further processed with 5
cycles of freezing and thawing, followed by 10 passes through two
stacked 0.1 μm polycarbonate ﬁlters (Nucleopore Filtration Products,
Pleasanton, CA) in a barrel extruder (Lipex Biomembranes, Vancou-
ver, BC) at room temperature. LUVs were stored on ice and used
within hours after preparation.
2.3. Differential scanning calorimetry (DSC)
Measurements were made in a Nano II Differential Scanning
Calorimeter (Calorimeter Sciences Corporation, Lindon, UT). Lipid
ﬁlms were hydrated at room temperature with peptide solutions in
PIPES buffer (20 mM PIPES, 140 mM NaCl, 1 mM EDTA, pH 7.4) or
with PIPES buffer alone, vortexed vigorously to make MLVs and then
degassed before loading into the sample cell of the calorimeter.
Controls using peptide solutions in the sample cell in the absence of
lipid showed no transition. Degassed PIPES buffer was placed in the
reference cell. The concentration of phospholipids in the samples was
maintained at 2.5 mg/mL and the lipid to peptide molar ratio at 20.
The cell volume was 0.34 mL. Samples were equilibrated in the
calorimeter at 0 °C and successive heating and cooling scans were
carried out between 0 and 35 °C at a scan rate of 1.0 °C/min with a
delay of 5 min between sequential scans in a series to allow for
thermal equilibration. The resulting curves were analyzed by using
the ﬁtting program provided byMicrocal Inc. (Northampton, MA) and
plotted with Origin version 7.0.
2.4. Preparation of samples for freeze fracture electron microscopy
For the lipid control, 500 μL buffer (20 mM PIPES, 140 mM NaCl,
1 mM EDTA, pH 7.4) was added to hydrate a lipid ﬁlms containing
6 mg total lipid. The sample was then vortexed extensively for some
minutes to suspend the lipid. Similarly, for preparing the PR-9/lipid or
the KR-12/lipid sample, 0.8 mg peptide was dissolved in 350 μL buffer
and added to a ﬁlm of POPE:TOCL (75:25) containing 6 mg total lipid.
The peptide vial was rinsed with another 150 μL of buffer to remove
all traces of peptide and also to hydrate the lipid. The sample was then
vortexed extensively with a total buffer volume of now 500 μL. The
molar lipid to peptide ratio is ∼10.
2.5. Freeze-fracture electron microscopy
For freeze-fracture electron microscopy the samples were
quenched using the sandwich technique and liquid nitrogen-cooled
propane. Using this technique a cooling rate of 10,000 Kelvin per
second is reached, avoiding ice crystal formation and artifacts possibly
caused by the cryoﬁxation process. The cryo-ﬁxed samples were
stored in liquid nitrogen for less than 2 h before processing. The
fracturing process was carried out in JEOL JED-9000 freeze-etching
equipment and the exposed fracture planes were shadowed with Pt
for 30 s at an angle of 25–35 degrees and with carbon for 35 s (2 kV/
60–70 mA, 1×10−5 Torr). The replicas produced this way were
cleaned with concentrated, fuming HNO3 for 24 h followed by
repeating agitation with fresh chloroform/methanol (1:1 by volume)
at least 5 times. The resulting clean replicas were examined using a
JEOL 100 CX electron microscope.
2.6. Determination of minimal inhibitory concentration (MIC)
The antibacterial activity of the peptides was examined in sterile
96-well plates (Nunc F96microtiter plates) in a ﬁnal volume of 100 μL
as follows: aliquots (50 μL) of a suspension containing bacteria at a
concentration of 5×106 colony-forming units/mL in LB (Luria
Bertani) culture medium were added to 50 μL of PBS (phosphate-
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culture medium. The concentration of the peptide stock solution was
obtained by measuring the absorbance of the solution at 280 nm and
calculated using the extinction coefﬁcient of tryptophan (ε=5560
M−1 cm−1). Antibacterial activities were expressed as the MIC, the
concentration at which no growth was observed after 18–20 h of
incubation at 37 °C. The bacteria used were Escherichia coli ATCC
25922, Pseudomonas aeruginosa ATCC 27853, Staphylococcus aureus
ATCC 6538P, Streptococcus pyogenes ATCC 49399, Enterococcus faecalis
ATCC 19433, Enterobacter aerogenes ATCC 35029, Enterobacter cloacae
ATCC 49141 and Bacillus megaterium BM11.
2.7. Isothermal titration calorimetry (ITC)
Runs were performed using a VP-ITC instrument (Microcal, Inc,
Southampton, MA) in 10 mM HEPES, 140 mM NaCl, pH 7.4, in the
presence and absence of 1 mM EDTA. All samples were degassed prior
to loading into the calorimeter. Stirring was set at 300 rpm. Peptides
were placed in the syringe at a concentration of 0.2 mM and 125 μg/
mL LPS from E. coli O111:B4 was placed in the cell compartment. Cell
volume was 1.4276 mL. Experiments were performed at 30 °C and
10 μL of a solution of peptide were added to a solution of the
macromolecule with each injection. Data were analyzed with the
program Origin 7.0.
2.8. Leakage of aqueous contents
Aqueous content leakage from liposomes was determined using
the ANTS/DPX assay [22]. Lipid ﬁlms were hydrated with a solution
containing 12.5 mM ANTS, 45 mMDPX and 10 mMHEPES adjusted to
pH 7.4. A solution of NaCl was added to adjust the ﬁnal osmolarity to
300 mOsm using a freezing point osmometer (Model 3300, Advanced
Instruments, Inc., Norwood, MA). LUV of 100 nm diameter were
prepared as described above and put through a 20×1.5 cm column of
Sephadex G-75 (Pharmacia, Uppsala, Sweden) pre-equilibratedwith a
buffer containing 10 mM HEPES, 1 mM EDTA, NaCl adjusted to
300 mOsm and pH 7.4 (HEPES buffer). LUV were collected in the
void volume and the concentration of lipid determined by phosphate
analysis [23].
An aliquot of LUV were placed in a quartz cuvette containing
HEPES buffer at 37 °C to give a ﬁnal lipid concentration of 50 μM and a
total volume of 2 mL. Fluorescence was recorded for several seconds
and then an aliquot of peptide solution was added and the increase of
ﬂuorescence followed for 3–4 min. To determine 100% release ofFig. 1. (A) DSC of peptides PR-9; RR-9 and PI-9 added to hydrate a ﬁlm of POPE:TOCL 75:25 a
peptide RR-9 added to hydrate a ﬁlm of POPE:TMCL 60:40 at a lipid to peptide ratio of 20 a
successive coolings. Curves 1' and 2' correspond to the lipid alone without peptide at a scaentrapped ﬂuorophore, 20 μL of 20% Lubrol XTwas added at the end of
the leakage measurement. Excitation was set at 360 nm and emission
at 530 nm, with a 500 nm cut off ﬁlter in the emission monochroma-
tor and a bandpass of 8 nm in excitation and 4 nm in emission.
Measurements were performed at 37 °C in an Aminco Bowman, SLM-
II spectroﬂuorimeter.
2.9. Circular dichroism (CD)
CD spectra were recorded from 260 to 200 nm on an AVIV model
215 spectropolarimeter recording points every 1 nm. A quartz cell
with a 0.1 cm path length was placed in a thermally controlled cell
holder. The machine was equipped with a Peltier junction thermal
device and a Thermo Neslab M25 circulating bath. The sample
temperature was maintained at 25 °C. The CD of a peptide solution
wasmeasured in the absence or presence of small unilamellar vesicles
(SUVs) made by sonication of a suspension of MLVs to clarity under
argon in a bath-type sonicator. Peptide spectra were calculated by
subtracting the buffer or SUV blanks, as appropriate. The CD signal in
the presence of lipids generally shows a suppressed magnitude
because of scattering artifacts in the far UV spectra.
2.9.1. Tryptophan ﬂuorescence
The ﬂuorescence spectra of tryptophan (W) were measured in an
Aminco Bowman, SLM-II spectroﬂuorimeter at room temperature.
Peptides (5 μM)were added to a quartz cuvettewithmagnetic stirring
and temperature control and titrated with successive additions of
2.5 μM LUVs of POPE:TOCL 75:25 in 20 mM PIPES, 140 mM NaCl,
1 mM EDTA pH 7.4. Excitation was set at 295 nm, with 4 and 8 nm
bandpass in excitation and emission, respectively, and with polarizers
set at 90o and 0o in excitation and emission, respectively. Instrumental
and inner ﬁlter effect corrections were applied and the spectra of LUVs
titrated into buffer were subtracted.
3. Results
3.1. DSC experiments
The change in the phase transition of POPE:TOCL 75:25 upon the
addition of peptide at a lipid to peptide ratio of 20 was determined by
DSC (Fig. 1). We have chosen to use this lipid composition as a mimic
of the cytoplasmic membrane of a Gram negative bacteria like E. coli
and because in the absence of peptide these lipid components are
miscible, unlike PE:PG at relevant compositionswhichmimic bacterialt a lipid to peptide ratio of 20. Scan rate, 1o/min. Temperature range 0–35 °C. (B) DSC of
nd at different scan rates. Odd numbers are successive heatings and even numbers are
n rate of 1o/min. The buffer was 20 mM PIPES, 140 mM NaCl, 1 mM EDTA, pH 7.4.
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are present in Gram negative bacteria, exhibit broad and complex
phase transition behaviour in mimetic model systems, even in the
absence of peptide, and their phase transition behaviour is more
difﬁcult to interpret when an additional component such as a peptide
is incorporated [18]. As a pure single lipid, the zwitterionic
component (POPE) has a gel to liquid crystalline transition temper-
ature at 25 °C, while the anionic TOCL component has this transition
below 0 °C. The mixture of POPE:TOCL 75:25 undergoes a gel to liquid
crystalline transition at 12–14 °C in the absence of peptide. We
interpret the effects of the peptides on the DSC of this lipid mixture as
being a result of the cationic peptides interacting electrostatically
with TOCL. A region of the membrane will be depleted from TOCL,
allowing the formation of domains enriched in POPE, thus partly
separating this anionic lipid from POPE. This results in the upward
shift in the phase transition of a component of themixture depleted of
the TOCL that is bound to the peptide. The three peptides exhibit this
property (Fig. 1). This interpretation is consistent with the observa-
tion that the phase transition is largely reversible and that the single
transition observed for the pure lipid mixture is split into two
transitions in the presence of peptide. This is most clearly seen in the
cooling curves. Additional evidence for this interpretation is pre-
sented below.
In the POPE:TOCL mixture, the anionic component, TOCL, as a pure
lipid has a phase transition temperature below that of POPE.When the
peptide is added to a bilayer composed of POPE:TOCL (75:25), it
encounters a mixture of the two miscible lipids and not a single lipid
component. However, to test if the anionic lipid component has to be
the lower melting lipid of the pair, we also performed similar DSC
studies with the lipid mixture POPE:TMCL 60:40, which are miscibleFig. 2. Freeze-fracture electron microscopy images of POPE:TOCL 75:25 vesicles (lipid contr
and B are marked by ↓, and smaller liposomes in (B) are marked by ↓↓. The bars on all freeze
from bottom to top.with a phase transition temperature at 32 °C. In this lipid mixture the
anionic component, as a pure lipid, has a transition temperature above
that of POPE. Again effects of the peptide on the phase transition
properties of this lipid mixture are consistent with the preferential
binding of the peptide to the anionic lipid component, leaving a
portion of the membrane depleted of TMCL and shifting the transition
temperature closer to that of the pure POPE (Fig. 1B). Therefore we
conclude that the peptides cluster the anionic lipid component,
regardless of whether it is the higher or lower melting component of
themixture.We also varied the scan rate (Fig. 1B), to test if the system
is essentially in equilibrium. The thermograms are independent of
scan rate and the cooling scan is essentially the inverse of the heating
scan, indicating that the transition is reversible. The mixtures we have
chosen have transition temperatures that permit heating up to 35–
38 °C, avoiding higher temperatures that denature or aggregate the
peptides. We also avoid cooling to lower temperatures, thus avoiding
the formation of gel polymorphism. Using wider temperature ranges
we do observe a loss of reversibility (not shown).
Bacterial membranes are in the liquid crystalline state as are the bac-
terial mimetic lipid mixtures with which these DSC studies were carried
out, when mixed with peptide. The lipid to peptide ratios used in this
study (L/P=10–20) are in accord with the fact that high concentrations
of peptide are achieved at the cytoplasmic membrane of bacteria, which
can be many fold higher than the bulk concentration of peptide causing
membrane disruption in a range of very low lipid to peptide ratios [3].
3.2. Freeze-fracture electron microscopy
Freeze-fracture electron microscopy has proven capable of
visualizing domain formation in lipid bilayers [24,25] as well as inol). (A) Larger liposomes. (B) Liposomes of different sizes. Smaller lipid fragments in A
-fracture electron micrographs represent 100 nm and the shadow direction is running
Table 2
Gram negative bacteria (high PE).
Bacterial
Species
Lipid Composition MIC (μM)
PE PG CL PR-9 RR-9 PI-9
E. coli 80 15 5 10 80 2.5/5
P. aeruginosa 60 21 11 40 N80 20
E. cloacae 74 21 3 40 N80 80
E. aerogenes Assumed to be
similar to E. cloacae
(same genus)
40 N80 80
1276 R.M. Epand et al. / Biochimica et Biophysica Acta 1798 (2010) 1272–1280lipid monolayers [26]. We studied structural events in POPE:TOCL
(75:25) lipid mixtures with and without addition of peptides using
freeze-fracture electron microscopy. The sample peptides we used
were PR-9 and KR-12. KR-12 was used as a positive control since in a
previous study it had been shown capable of segregating anionic and
zwitterionic lipids [18]. In the absence of peptide, the lipid alone
showed overall spherical vesicles of a diverse size range displaying
diameters up to a micrometer in size (Fig. 2A and B). Some of the
vesicles, especially larger ones, displayed discrete smaller spherical
structures (marked by ↓ in Fig. 2A and B) with diameters similar to the
diameter of the smaller liposomes (some of themmarked by ↓↓ in 2B).
Addition of 10 mol% of either PR-9 or KR-12 resulted in more
pronounced fragmentation of the bilayer vesicles into smaller units
with granular structures formed especially at their peripheries
(Fig. 3A–C and D–E, respectively for the two peptides). New super-
structures appeared (Fig. 3B, C) and aggregates thereof (Fig. 3E). An
example of this structure is highlighted in the inset in Fig. 3C.
Somewhat similar structures have been observed before in conjunc-
tion with domain formation [24,25,27] and during the interaction of a
20-mer oligonucleotide with transferrin/polylysine used for cell
transfection (Papahadjopoulos-Sternberg, unpublished result).
3.3. Minimal inhibitory concentrations of the peptides
The MICs of the three peptides, PR-9, RR-9 and PI-9, were
measured using several different species of Gram negative bacteria
(Table 2). Note that a high MIC corresponds to low bacteriostaticFig. 3. Freeze-fracture electron micrographs taken with the addition of 10 mol% PR-9 peptid
fragmentationof thebilayer is observedunder the inﬂuence of the PR-9 peptide (A, B) and theK
see especially insert in C) andwith the KR-12 peptide (E). The bars on all freeze-fracture electroactivity. The lipid compositions of these bacteria are shown and in all
cases they are typical of Gram negative bacteria with a high
concentration of PE. The MICs for most Gram negative bacteria are
high for these peptides, suggesting that they have a tendency to
interact strongly with the LPS layer in accord with ITC measurements
(see below).
Gram positive bacteria are often more susceptible to antimicrobial
agents than are Gram negative ones because they lack an outer
membrane and they have a narrow periplasmic space where
antimicrobial agents can accumulate to high concentrations. Never-
theless, there is a wide range of MICs for the different strains of Gram
positive bacteria used in this work that is related to the very different
lipid compositions of their membranes (Table 3). The membrane
composition of Gram positive bacteria varies widely among species
and is also affected by environmental and growth factors. For these
reasons the MICs for the three peptides were determined under thee (A, B and C) or KR-12 peptide (D and E) to POPE:TOCL 75:25 lipid ﬁlms. Pronounced
R-12 peptide (D).Doughnut-type structure formation observedwithPR-9 peptide (BandC,
nmicrographs represent 100 nmand the shadow direction is running from bottom to top.
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important membrane lipid components of Gram positive bacteria are
the anionic lipids PG and CL. Much less common is PE, which can be
found in different proportions mainly in the geneses Bacillus and
Clostridium. Other polar lipids typical of Gram positive bacteria are
glycolipids, like glycosyldiacylglycerols, which constitute the hydro-
phobic anchor for LTA and are covalently linked to teichoic acid. All
the bacteria we chose contain the characteristic peptidoglycan layer of
Gram positive bacteria with LTA, unlike species of Mycoplasma that
are very rich in glycolipids but lack the extra-cytoplasmic layer.
Two of the Gram positive bacteria studied, S. aureus and
Streptococcus faecalis, do not contain PE in their cytoplasmic
membranes and exhibit high MICs. On the other hand, B. megaterium
and S. pyogenes are much more susceptible to these peptides and they
contain a sizable amount of free uncharged lipids. In the case of B.
megaterium these uncharged lipids are aminoacyl-PG, while for S.
pyogenes they are glycosyl diglycerides. Other Gram positive bacteria
contain glycosyl diglyceride moieties that are part of the LTA
structure. However, S. pyogenes is different with regard to this lipid,
having a much higher total content of glycosyl diacylglycerols, a
portion of which is present as a free polar lipid forming part of the
membrane bilayer. This suggests that anionic lipid clustering is taking
place in Gram positive bacteria which contain a signiﬁcant amount of
lipids which can phase separate from the anionic components.
3.4. ITC
Successive injections of 10 μL aliquots of 1.4 μM of each one of the
three peptides into LPS of E. coli O111:B4 revealed a complex pattern
of association between the macromolecule and the peptides,
preceding complete charge neutralization of the macromolecule
(Fig. 4). All the heats of reaction were exothermic. Addition of EDTA
(strong permeabilizer of the outer membrane of Gram negative
bacteria due to chelation of Mg2+ ions) eliminated the complexity in
the interactions for RR-9, resulting in a simpler charge neutralizationFig. 4. ITC of peptides injected into LPS from E. coli O111:B4, at 30 °C. Aliquots of 10 μL/injecti
Top three ﬁgures, in 10 mMHEPES, 140 mMNaCl, pH 7.4. Bottom three ﬁgures, in 10 mMHE
Lower panel in each ﬁgure is the integrated value of each peak as a function of μM peptidepattern which is generally accompanied by a lowering of the MIC.
Interactions of PR-9 or PI-9 with LPS were not greatly changed by the
presence of EDTA, indicating that removal of Mg2+ ions did not affect
their association with LPS. In addition to the relative amounts of
charge versus hydrophobicity in the peptides, the length and nature of
the saccharidic chains in the outer membrane of Gram negative
bacteria will also determine how strong the interactions will be and
whether or not the peptide can penetrate the outer membrane,
reﬂecting individual differences among the peptides [28,29]. Howev-
er, we can conclude that, in general, these three peptides are retained
in the outer wall of Gram negative bacteria, making it an unsuitable
system to probe the anionic charge clustering mechanism for these
peptides.
3.5. Liposomal contents leakage
Wemeasured the leakage of ANTS/DPX from liposomes composed
of POPE:DOPG:TOCL (80:15:5), modelling the lipid composition of E.
coli (Fig. 5), at the low lipid to peptide ratio of 5, This lipid to peptide
ratio is lower than that used in DSC or freeze fracture microscopy. The
ﬁnding that all three peptides have only weak ability to induce
leakage in membranes rich in PE, suggests that even when they reach
the cytoplasmic membrane, the toxicity of these peptides against
most Gram negative bacteria occurs essentially by a mechanism other
than the formation of pores in membranes. This result agrees with
observations by AFM imaging [21].
3.6. Secondary structure determination
The CD spectra of the 9-residue peptides were obtained as an
initial evaluation of their secondary structure. The conformational
properties of KR-12 have been extensively studied [30,31] and the
structure of PR-9 has been determined by NMR in micelles [32].
The CD of PR-9, RR-9 and PI-9 were measured with and without
SUVs of lipid mixtures mimicking the predominantly anionic bacterialon were used. The peptides were placed in the syringe and LPS in the cell compartment.
PES, 140 mMNaCl, 2 mM EDTA, pH 7.4. Upper panel in each ﬁgure represents heat ﬂow.
injected.
Fig. 5. ANTS/DPX leakage studies. PR-9 (Black); RR-9 (Red) and PI-9 (Blue). POPE:
DOPG:TOCL (80:15:5), 10 μM peptide, Lipid/Peptide=5. Peptide was added at zero
time; Lubrol XT was added at 220 s to determine 100% leakage at a ﬁnal detergent
concentration of 0.2%.
Fig. 7. Trp ﬂuorescence emission spectra of 5 μMRR-9 titrated with successive additions
of 2.5 μM LUVs of POPE:TOCL 75:25 in 20 mM PIPES, 140 mMNaCl, 1 mM EDTA, pH 7.4,
at room temperature. Excitation=295 nm. Similar Trp ﬂuorescence titrations were
obtained for PR-9 and RI-9. The red curve corresponds to the pure peptide, before
addition of lipid.
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TOCL 60:40) or of Gram negative bacteria (POPE:DOPG:TOCL
85:15:5), at a L/P=20. The spectra obtained for both were similar.
The peptide concentrations were of the order of ∼0.1 mg/mL in
HEPES buffer pH 7.4. None of the peptides have a high content of
secondary structure in the absence of lipid (Fig. 6A). PI-9 appears to
have signiﬁcant amounts of β-structure in buffer as indicated by the
negative band at ∼216 nm. This is consistent with a sequence that has
Arg at every second residue allowing the formation of an amphipathic
β-structure. PI-9 also shows an increase in β-structure in the presence
of anionic lipids (Fig. 6B). Conformational ﬂexibility is exempliﬁed by
NMR studies with PR-9 in SDS or DPC micelles where a single turn of
helix forms, but positioned differently in the sequence according to
the environment [21].
3.7. Insertion of tryptophan residues
Tryptophan ﬂuorescence spectra showed that the three peptides
bind and insert into POPE:TOCL 75:25 liposomes. A large blue shift of
the maximum ﬂuorescence (Fig. 7) was observed upon addition of
LUVs, showing peptide partitioning into LUVs, inserting the hydro-
phobic aromatic residue W into the bilayer thus contributing towards
the total free energy of domain formation and cluster stabilization.
4. Discussion
The DSC results with the lipid mixture POPE:TOCL (75:25) are
consistent with all three of the nonapeptides being capable of
clustering anionic lipids (Fig. 1). The conclusion is further supportedFig. 6. CD spectra comparing the three peptides: PR-9 (Black); RR-9 (Red) and PI-9 (Blue). P
Similar spectra were obtained in SUVs containing POPE:DOPG:TOCL 85:15:5. Buffer was 20by direct observation using freeze fracture electron microscopy
(Fig. 3) and by combined AFM and polarized ﬂuorescence microscopy
[21]. This segregation of PE and CL components may be facilitated by
the formation of H-bonds among headgroups in the molecules of each
of these lipid species [33]. Thus, although these three peptides have
very different sequences and exhibit differences in their CD spectra,
they nevertheless can affect the phase transition properties of
mixtures of POPE and TOCL to comparable extents, suggesting that
these three peptides induce lateral phase separation, despite their
small size. We had also shown that another small peptide, KR-12, a
fragment of human cathelicidin LL-37, is also capable of inducing
lateral phase separation in this lipid mixture [18].
We present new evidence from freeze fracture electron microsco-
py that both PR-9 (Fig. 3A–C) and KR-12 (Fig. 3D–E) can cause the
fragmentation of bilayers and formation of particularly shaped
superstructures (Fig. 3B, C) and aggregates thereof (Fig. 3E). Based
on the structures observed in other systems by freeze-fracture
microscopy [24,25,27] and the interaction of a 20-mer oligonucleotide
with transferrin/polylysine used for cell transfection (Papahadjopou-
los-Sternberg, unpublished result), these morphological features are
likely the consequence of domain formation in the membrane.
This charged cluster mechanism would be expected to result in
greater toxicity against bacteria that contain both anionic and
zwitterionic or uncharged lipids [15,16,34]. However, this is only
the case if these peptides can access the cytoplasmic membrane,
where they would be electrostatically driven to the anionic head-
groups. In the case of Gramnegative bacteria, the outermembrane can
present a signiﬁcant barrier to penetration of the peptide and
generally the three peptides are less active against Gram negativeanel A: in buffer. Panel B: in SUVs of DOPG:TOCL 60:40 at a lipid to peptide ratio of 20.
mM PIPES, 140 mM NaCl, 1 mM EDTA, pH 7.4.
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interaction of RR-9 with LPS in absence or presence of EDTA,
suggesting that this peptide interacts most strongly with the metal
binding sites of LPS and has less access to the inner membrane.
In Gram positive bacteria, B. megaterium, with a high content of
PE in addition to anionic lipids, is prone to the action of peptides that
segregate anionic and zwitterionic lipids (Table 3). All three
peptides tested have low MICs with this species. Although Gram
positive S. pyogenes does not have PE, it has a particularly high
content of an uncharged glycolipid [35,36] some of which is
covalently attached to teichoic acid but enough remains unanchored
in themembrane, so that this species of bacteria is also susceptible to
the action of the Arg-rich peptides.
In contrast, S. aureus is largely devoid of zwitterionic or neutral
lipids and, as expected by the mechanism of phase segregation, has a
high MIC for the three peptides. It should be mentioned that some
resistant strains of S. aureus also contain the cationic lipid Lysyl-PG,
which can repel some of the binding of cationic antimicrobial peptides
to bacterial membranes. It has been shown that the presence of
cationic lipids is a factor in the resistance of bacteria to cationic
antimicrobial agents [37,38]. However, most of this lipid is found on
the cytoplasmic surface of the plasma membrane of S. aureus and
resistance to antimicrobial agents occurs in those strains in which the
lipid is translocated to the cell exterior [39,40]. The strain E. faecalis
has a more complex membrane lipid composition. This species has an
excess of negative charge to interact with cationic peptides but the
high content of lysyl-PG likely contributes to its resistance. Taken
together, the relative activity of these three peptides against several
species of Gram positive bacteria is well explained by the membrane
lipid composition of these species that will determine the extent of
peptide-induced clustering of anionic lipids.
The higher resistance of some Gram negative bacteria to the
peptides used in this work is different from what was found with
oligomers of acyllysine that induced phase segregation andwere toxic
to both Gram negative and Gram positive bacteria with a high content
of PE [16]. Thus with more polar and water-soluble cationic peptides
used in the present study, the outer membrane of Gram negative
bacteria becomes a more signiﬁcant barrier.
The structure of PR-9 has been studied by NMR, it has also been
shown to interact with PG but not with zwitterionic lipids and to be
non-hemolytic [32]. The NMR structure of PR-9 shows well deﬁned
cationic and hydrophobic clusters, with a short structured middle
segment and N-terminal residues forming a large hydrophobic
surface, which may help in inducing defects when inserted in a
membrane. It is also observed that the structure of this peptide is
different in SDS compared with DPC [32], with the single turn of helixTable 3
Gram positive bacteria.
Bacterial
Species
Lipid composition MIC (μM)
PE PG CL Other Lipids PR-9 RR-9 PI-9
S. aureus 0 57 19 Lysyl-PG (cationic)a 40 80 80
E. faecalis 0 27 19 Lysyl-PG (cationic)b 40 80 80
B. megaterium 40 40 5 AminoacylPG
(mostly zwitterionic)c
1.25 1.25 2.5
S. pyogenes 0 20 5 Glycosyl diglycerides
(uncharged)d
2.5 10 2.5
a Variable amounts of Lysyl-PG, mostly in inner leaﬂet of themembrane. Also 10–20%
Glycosyl DAG covalently bonded to teichoic acid.
b ∼20% Lysyl-PG and 26% Phosphatidylkojibiosyl- DAG covalently bonded to teichoic
acid and 8% of others.
c 15% Aminoacyl-PG.
d ∼75% Glycosyl DAGwith 20–35% incorporated covalently into LTA as in other Gram
positive bacteria, and the remaining as a free uncharged lipid component of the
membrane.present in DPC micelles being closer to the N-terminus than in SDS
micelles. Thus, the location of the single helical turn is dependent on
the environment and can slide along the sequence. The peptides
studied in the present work also do not have a high content of
secondary structure (Fig. 6). This suggests that they are conforma-
tionally ﬂexible, one of the criteria suggested for peptides capable of
clustering anionic lipids away from zwitterionic ones [15]. The
contribution to the free energy of anionic lipid clustering by the
formation of one turn of helix is close to −1.5 kcal/mole [41]. The
ﬁnding that all the three sequence variants of these peptides exhibit
higher antimicrobial activity in membranes containing zwitterionic or
uncharged lipids suggests that these peptides act by clustering anionic
lipids. The CD spectra (Fig. 6) also indicate that secondary structure
propensity is not a factor in the charge cluster mechanism since
antimicrobial activity is shown by both a peptide that has some β-
structure, PI-9, as well as by the other two peptides, PR-9 and RR-9
that have tendency to form helical structures.
The blue shifts in the tryptophan ﬂuorescence spectra for all three
peptides in POPE:TOCL 75:25 LUVs indicate that the hydrophobic
groups insert into the membrane and provide additional energy for
formation and stabilization of anionic lipid clusters.
Several peptides have nowbeen suggested to act by clustering anionic
lipids. Many of them have been tested against E. coli and S. aureus, two
frequently used bacterial strains representative of the Gram negative and
Gram positive species, respectively. These bacterial species also represent
one with anionic and zwitterionic lipids (E. coli) in which lipid clustering
can occur and the other (S. aureus) that contains mostly anionic lipids.
Thusby the charge clustermechanismthere shouldbeahigher ratioof the
MIC against S. aureus/E. coli, i.e. higher relative toxicity against E. coli. We
summarize values for MIC against S. aureus/E. coli for a variety of
compounds of differing sequences and sizes forwhich lipid clustering has
been suggested as a mechanism (Table 4). The ratio will be lower if there
are mechanisms in addition to lipid clustering making important
contributions to the antimicrobial activity or if the outer membrane of E.
coli inhibits access of the agent to the cytoplasmic membrane. The OAK,
C12K-7α8 has by far the highest ratio and is the best example of lipid
clustering. In the case of the three peptides described in this manuscript,
the ratios of theMICs in aGrampositive bacteriawithout PE (S. aureus) vs.
the MICs in a Gram positive bacteria with PE (B. megaterium) is
dramatically high (Table 5), reﬂecting the absence of an outer membrane
and the effectiveness of the charge cluster mechanism in lowering the
bacteriostatic threshold.
In summary, three short Arg-rich peptides with the same amino
acid composition but different sequence arrangements are all capable
of segregating CL from PE in mixed membranes and this clustering of
anionic lipids is reﬂected in the selectivity of the peptides towards
bacteria containing zwitterionic or uncharged lipids. Our study also
indicates that the formation of anionic clusters in model membranes
is independent of the intrinsic secondary structure of the peptides.
The outer membrane of some Gram negative bacteria can provide a
barrier that prevents access of antimicrobial peptides to the
cytoplasmic membrane, thus eliminating anionic lipid clustering inTable 4
Ratio of MICs as a criterion for a lipid clustering mechanism.
Name Nature of compound Charge Charge/
residue
MIC S.
aureus/E. coli
Reference
C12K-7α8 Oligo-acyl-Lysine 8 (not a
peptide)
16 [42]
GF-17D3 Cathelicidin fragment
with 3 D-residues
6 0.35 N8 [18]
KR-12 Cathelicidin fragment 6 0.5 N4 [18]
Cateslytin Arg-rich peptide 5 0.33 N3 [43]
Table 5
Ratio of MICs for peptides used in the present work.
Name Charge Charge/residue MIC S. aureus/B. megaterium
PR-9 5 0.56 32
RR-9 5 0.56 64
PI-9 5 0.56 8
1280 R.M. Epand et al. / Biochimica et Biophysica Acta 1798 (2010) 1272–1280the cytoplasmic membrane as a mechanism of lethality. The
requirements for these small arginine-rich peptides to cluster anionic
lipids from zwitterionic ones are a high cationic charge, conforma-
tional ﬂexibility, sufﬁcient hydrophobicity to insert into the mem-
brane and stabilize the domains (provided by F and W residues) and
the ability to reach the cytoplasmic membrane of bacteria. Formation
of hydrogen bonds between Arg side chains and lipid phosphate
groups would provide additional energy for domain formation and
stabilization.
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